Over the last two decades, ultrafast two-dimensional infrared (2DIR) spectroscopy has emerged as one of the leading techniques for investigation of molecular structure and dynamics in condensed phases. [1, 2] 2DIR spectral analysis yields information on molecular fluctuation timescales and mechanisms responsible for IR absorption lineshapes, the coupling of resonant intra-or intermolecular modes or the dynamics of chemical exchange between interconverting molecular configurations or species. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] For a single vibrational resonance the 2DIR spectrum consists of two oppositely signed features; ground state bleach and stimulated emission (GSB-SE) contributions centered along the diagonal, and an excited vibrational state absorption (ESA) contribution shifted along the probe frequency axis by the vibrational anharmonicity. Molecular fluctuation timescales due to bath interactions in these condensed phase systems are revealed by the waiting time (T w ) dependence of the 2DIR lineshapes and correspond to the transition frequency-frequency correlation function (FFCF) of a resonantly excited vibrational mode. [18] We report here the first observations and analysis of 2DIR spectra of a quasi-free quantum rotor in a moderately dense gaseous medium. 2DIR spectra of the resonantly excited ν 3 asymmetric stretching rovibrational band of N 2 O in SF 6 at two densities (ρ* = ρ/ρ c = 0. 16 Supplementary   Information, SI, Fig. S1 .) The maxima at 2211 and 2236 cm -1 correspond to the unresolved P (ΔJ = −1) and R (ΔJ = +1) rovibrational branches, respectively, originating from the thermalized ensemble of initial rotational levels, J. The pure (ΔJ = 0) 0 → 1 ν 3 vibrational transition, i.e. the Q branch, would be centered at ~2224 cm -1 but is formally forbidden for a linear molecule in free space. [19, 20] The rovibrational structure for this single vibrational resonance ( Fig. 1 ) stands in contrast to the single maximum lineshape observed for the N 2 O ν 3 transition in liquid solutions (See Fig. S1 ). [21] The corresponding observed 2DIR spectra of the N 2 O ν 3 mode in SF 6 (ρ* = 0.30) are shown in Fig. 2 for T w = 0.2, 5.0 and 30 ps. These spectra were acquired in a pump-probe configuration, [22] and thus rephasing and non-rephasing signals are overlapped at the detector.
Perpendicularly polarized 85 fs pulses (FWHM 250 cm -1 ) centered at ~2230 cm -1 were used to acquire these spectra. The rapid scan, phase corrected coherence delay between the first two pump pulses (τ 1 ) was Fourier transformed to give the ω 1 axis and the dispersed signal on a 32 element array (~3 cm -1 /pixel) corresponds to the ω 3 axis. [22] (See SI for additional experimental details.) The T w dependent 2DIR spectra of the lower density (ρ* = 0.16) N 2 O/SF 6 mixture have a qualitatively similar appearance (Fig. S2 ). The ν 3 v = 1 lifetimes in these solutions, determined by magic angle pump-probe responses, (ρ* = 0.30; 35 ps and ~1 ns, and for ρ* = 0.16; 101 ps and ≥10 ns) are much slower than the dynamics revealed in these 2DIR spectra.
The quasi-free rotor 2DIR spectra (Fig. 2 ) exhibit a qualitatively different and considerably more complex spectral signature than seen for 2DIR spectra of isolated vibrational resonances in condensed phases. [23] [24] [25] [26] The sign change and spacing between the center of red and blue overlapping "X"'s at the shorter T w 's identifies the red (positive) and blue (negative) 2DIR features resulting from GSB-SE and ESA contributions to the N 2 O/SF 6 2DIR spectra. The elongated spectral shape along the diagonal (ω 1 = ω 3 ) and the parallel component red-shifted in the ω 3 direction by the ν 3 1 → 2 transition anharmonicity (~28 cm -1 ) at T w = 0.2 ps, are the wellknown signatures of an inhomogeneously broadened vibrational band in 2DIR spectra. The corresponding anti-diagonal features seen in these quasi-free rotor spectra are unique relative to previous 2DIR results, however, are reminiscent of the 2DIR spectrum predicted for two anticorrelated inhomogeneously broadened coupled oscillators. [27, 28] The "X" pattern is evident in a prior 2D rovibronic, low density coherent 4-wave mixing spectroscopy that assists interpretation and simplification of gas phase spectra. [29] Dramatic changes are seen in these 2DIR spectra ( In order to capture the essential features of the observed quasi-free rotor 2DIR spectra, and provide a basis for interpreting the observed T w dependence in terms of the underlying rotationally and vibrationally specific collision dynamics, a phenomenological model was developed. The 2DIR signal generated in the k s = k probe direction for the pump-probe experimental configuration employed here is given by:
where τ 1 , T w , and τ 3 are the delays between the two pump pulses, the second pump and probe pulses, and the P (3) signal detection time, respectively. Since the incident pulse durations (~85 fs)
are much shorter than the dynamics observed here, only the intervals between pulse maxima are used for τ 1 , T w , and τ 3 . 
Twelve such representative pathways showing the temporal evolution from left to right of the density matrix elements contributing to the signal polarization [31] [32] [33] are shown in Fig. 3 , and all 36 of these pathways are summarized in SI (Fig. S6) .
Expressions for the third-order responses contributing to vibrational 2DIR spectra have been described in detail previously, [27] thus only those features most salient to their extension to this rovibrational system are summarized here. Each of the 36 contributing rovibrational response functions are a product of four path-specific transition moments, exponential oscillatory phase factors at the resonant transition frequencies during each of the interpulse evolution periods (τ 1 , T w , τ 3 ), and a path-specific nonlinear dephasing function. [34, 35] The required dephasing functions can be written as products of exponentiated lineshape functions, g ab (t) , which are defined in terms of the a → b FFCF, C a,b (τ 2 − τ 1 ), within the second order cumulant expansion approximation: [36] 
The FFCF is determined by the underlying fluctuation dynamics of the system and is one of the key quantities determined by 2DIR spectral analysis. [1, 18] The required rovibrationally explicit FFCFs, are given by:
where n, ′ n refer to vibrational levels 0, 1 or 2, and α, β are the corresponding rotational branches. For n, ′ n = 1, α, β = P or R (ΔJ = -1, +1); for n, ′ n = 0 or 2, α, β = O, Q or S (ΔJ = -2, 0 or +2). In this stochastic Gaussian line broadening model [37] , the time dependent fluctuations of the rovibrational transition frequencies, here due to gas collisions, δω n0 α , are defined relative to some corresponding ensemble averaged value, ω n0 (Fig. S2) . Parameters for these calculated 1D and 2D spectra are summarized Table 1 and in SI. The values of Δ 10 P and Δ 10 R were selected to capture the linear spectral shape in the central portion of the rovibrational absorption band (Figs. 1 and S1 ). Given the Gaussian distribution of the instantaneous frequencies inherent to this line broadening model, poor fits in the wings of the experimental asymmetric rovibrational spectrum are expected. However, although not rigorously exact for capturing the shape of the instantaneous transition frequency distribution or any J-specific collision dynamics, the essential features of the observed linear and nonlinear spectra are well described by this analysis, and can be understood in terms of spectral diffusion and the rovibrationally specific 2DIR pathways (Fig. 3) . In particular, the anti-diagonal 2DIR spectral features evident for both the GSB-SE and ESA contributions at early times, and the observed J-scrambling as a function of T w are captured by this treatment. Subsequent more rigorous treatments of these 2DIR
observations will have to take a full quantum level specific treatment of coherence loss and Jstate changing dynamics into account.
The 36 rovibrational Liouville pathways give rise to twelve unique signal peaks in the 2DIR spectrum in this model. The twelve red (GSB-SE) and blue (ESA) labeled circles on the 2DIR spectral map in Fig. 4 indicate these signal locations and the number identifies a specific signal pathway from Fig. 3 contributing to the 2DIR spectrum at that (ω 1 , ω 3 ) position. These signals are centered at the fundamental R (ω 10 R ) and P (ω 10 P ) branch transitions along the ω 1 axis and at 8 signal frequencies along the ω 3 detection axis (see Fig. 4 ). However, due to the small dependence of rotational constants on vibrational level (B 0 ≈ B 1 ≈ B 2 ) and lack of discrete rotational resolution at these densities, only 4 signal frequencies are distinguishable along ω 3 : Fig. S7 ). Hence, in contrast to the 2DIR spectra of isolated vibrational resonances in condensed phase environments characterized by a single T w dependent GSB-SE and ESA spectral component, the 2DIR spectrum of a free rotor exhibits at least 4 GSB-SE and 4 ESA features. The elongated shapes observed at shorter T w 's for these 8 2DIR spectral regions are due to the initial predominant inhomogeneous character due to the ensemble of J-specific allowed rovibrational transitions.
Arguably, the most obvious signature in a 2DIR spectrum of free rotor character are the anti-diagonally elongated spectral features, which result in "×"-like cross-peaks at early times in the earliest time 2DIR spectra (Fig. 2) .
Aside from capturing the 2DIR spectral lineshapes for a free rotor, this analysis reveals 
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